Eukaryotic organisms contain a multiprotein complex that includes Rpd3 histone deacetylase and the Sin3 corepressor. The Sin3-Rpd3 complex is recruited to promoters by specific DNA-binding proteins, whereupon it represses transcription. By directly analyzing the chromatin structure of a repressed promoter in yeast cells, we demonstrate that transcriptional repression is associated with localized histone deacetylation. Specifically, we observe decreased acetylation of histones H3 and H4 (preferentially lysines 5 and 12) that depends on the DNA-binding repressor (Ume6), Sin3, and Rpd3. Mapping experiments indicate that the domain of histone deacetylation is highly localized, occurring over a range of one to two nucleosomes. Taken together with previous observations, these results define a novel mechanism of transcriptional repression which involves targeted recruitment of a histone-modifying activity and localized perturbation of chromatin structure.
Eukaryotic organisms contain a multiprotein complex that includes Rpd3 histone deacetylase and the Sin3 corepressor. The Sin3-Rpd3 complex is recruited to promoters by specific DNA-binding proteins, whereupon it represses transcription. By directly analyzing the chromatin structure of a repressed promoter in yeast cells, we demonstrate that transcriptional repression is associated with localized histone deacetylation. Specifically, we observe decreased acetylation of histones H3 and H4 (preferentially lysines 5 and 12) that depends on the DNA-binding repressor (Ume6), Sin3, and Rpd3. Mapping experiments indicate that the domain of histone deacetylation is highly localized, occurring over a range of one to two nucleosomes. Taken together with previous observations, these results define a novel mechanism of transcriptional repression which involves targeted recruitment of a histone-modifying activity and localized perturbation of chromatin structure.
Although it has been known for more than 3 decades that histone acetylation is associated with transcriptional activity in eukaryotic cells (2, 27) , the causal relationship and the underlying molecular mechanisms have been elusive. The recent identification of proteins with intrinsic histone acetylase and deacetylase activities has dramatically enhanced our understanding by providing a critical link between chromatin structure and transcriptional output (for recent reviews, see references 11, 26, 32, and 34) . Some histone acetylases are intrinsic components of the basic RNA polymerase II (Pol II) machinery or are closely associated with this machinery. In essence, therefore, the transcription machinery (broadly defined) contains histone acetylase activity, which suggests a mechanism for the general correlation between histone acetylation and transcriptional activity. In this regard, Saccharomyces cerevisiae Gcn5 histone acetylase (8) , the enzymatic component of the SAGA complex that functionally interacts with TBP (10), specifically acetylates histones in the vicinity of the promoter in vivo in a manner that is correlated with Gcn5-dependent transcriptional activity (20) .
Some histone-modifying activities interact with DNA-binding activator or repressor proteins, suggesting that they modulate transcriptional activity of specific promoters by locally perturbing chromatin structure. For example, the p300/CBP histone acetylase (4, 25) interacts with numerous activator proteins (17) , and the ACTR and SRC-1 histone acetylases associate with nuclear receptors in a hormone-dependent manner (9, 31) . These proteins acetylate histones in vitro and function as transcriptional coactivators in vivo, but it is unknown whether histones are physiological substrates or whether the chromatin structure of the relevant target genes is locally affected. The Ada2 component(s) of Gcn5 histone acetylase complexes can interact with acidic activation domains in vitro (30) , and this interaction might contribute to promoter-specific histone acetylation in vivo (20) .
The yeast and mammalian Sin3-Rpd3 histone deacetylase complexes mediate transcriptional repression by interacting with specific DNA-binding proteins (e.g., Ume6, YY1, and Mad) or associated corepressors (NCoR, SMRT, and Rb) and being recruited to target promoters (1, 7, 13, 15, 18, 21-24, 35, 36) . In yeast, the Sin3-Rpd3 complex is required for transcriptional repression by Ume6, a zinc finger protein that binds URS1 elements and regulates genes involved in meiosis and arginine catabolism (18) . A short region of Ume6 interacts directly with the Sin3 corepressor, and this region is necessary and sufficient for recruitment of the complex to promoters and for transcriptional repression. The Sin3-Rpd3 complex is not required for the function of other transcriptional repressors (Tup1 and Acr1) under equivalent experimental conditions, indicating that repression by Sin3-Rpd3 requires recruitment to target promoters (18) . Yeast Rpd3 can deacetylate histones H3 and H4 in vivo (28) , and histone deacetylase activity is important for repression; Rpd3 mutants that are catalytically impaired in vitro but competent for Sin3-Rpd3 complex formation are severely or completely defective for transcriptional repression in vivo (19) . These observations strongly suggest that transcriptional repression occurs by targeted histone deacetylation and the establishment of a locally repressive chromatin structure. However, little is known about the nature or extent of the locally perturbed chromatin domain in vivo.
In this work, we utilize the technique of chromatin immunoprecipitation (3, 6, 14, 20) to analyze the chromatin structure of a repressed promoter in vivo. We demonstrate that transcriptional repression is associated with localized deacetylation of histones H3 and H4 (preferentially lysines 5 and 12) and that histone deacetylation occurs over a limited range of one to two nucleosomes. These findings are consistent with a recent report that appeared after the present work was initially submitted (29) . Taken together with previous observations, these results define a novel mechanism of transcriptional repression which involves targeted recruitment of a histone-modifying activity and a localized domain of modified chromatin structure.
MATERIALS AND METHODS
Yeast strains. The isogenic wild-type (FT5), ⌬rpd3::HIS3, ⌬sin3::HIS3, and ⌬ume6::LEU2 strains (18, 33) and the LacZ reporter plasmid, pLG⌬312S, containing two URS1 elements from the IME2 promoter located upstream of the CYC1 upstream activated sequence (UAS) and TATA region (12, 18) have been described previously.
Chromatin preparation. Chromatin was prepared by a procedure similar to that described previously (5) . Wild-type and deletion strains bearing the URS1 IME2 plasmid described above were grown overnight in 100 ml of glucoseminimal medium with Casamino Acids to an optical density at 600 nm of ϳ0.5. Formaldehyde was added to 1% final concentration, and the cells were incubated at room temperature, with gentle swirling, for 20 min. Cells were resuspended in 5 ml of 0.1 M Tris (pH 9.4)-10 mM dithiothreitol, placed on ice for 20 min, washed with 5 ml of 20 mM HEPES (pH 7.4)-1.2 M sorbitol, and resuspended in 5 ml of the same HEPES-sorbitol solution with 0.5 mM phenylmethylsulfonyl fluoride (PMSF) and 40 l of yeast-lytic enzyme (1 mg/ml). After incubation at 30°C for 30 min, 10 ml of 20 mM PIPES [piperazine-N,NЈ-bis(2-ethanesulfonic acid)] (pH 6.8)-1 mM MgCl 2 -1 mM sorbitol was added and the cells were immediately spun down. Spheroplasts were washed three times, sequentially, with 5 ml of ice-cold phosphate-buffered saline-0.5 mM PMSF, 5 ml of ice-cold 0.25% Triton X-100-10 mM EDTA-0.5 mM EGTA-10 mM HEPES (pH 6.5)-0.5 mM PMSF-pepstatin A (0.8 g/ml), and 5 ml of ice-cold 200 mM NaCl-1 mM EDTA-0.5 mM EGTA-10 mM HEPES (pH 6.5)-0.5 mM PMSF, pepstatin A (0.8 g/ml). Spheroplasts were resuspended in 1 ml of 1% sodium dodecyl sulfate (SDS)-10 mM EDTA-50 mM Tris (pH 8.1)-1 mM PMSF-pepstatin A (0.8 g/ml) and sonicated eight times for 20 s (with 5 min on ice between sonications); fragment DNA sizes ranged from 180 to 550 bp, with the average size being approximately 350 bp. After microcentrifugation for 10 min at 15,000 rpm, the supernatant was diluted with 10 ml of IP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris [pH 8.1], 167 mM NaCl, 1 mM PMSF, pepstatin A [0.8 mg/ml]). This chromatin solution was used for subsequent immunoprecipitations.
Chromatin immunoprecipitation. Immunoprecipitations were carried out by a procedure similar to that described previously (5) , with antibodies to specific acetylated lysine residues of histone H4 (Serotec) or antibodies to generally acetylated or unacetylated histone H3 (kindly provided by C. D. Allis). Chromatin solution (0.5 ml) was combined with the following volumes of antisera: 11.5 l of acetylated H4 lysine 5, 7.5 l of acetylated H4 lysine 8, 21 l of acetylated H4 lysine 12, 23 l of acetylated H4 lysine 16, 6.3 l of acetylated histone H3, and 23 l of unacetylated histone H3 antisera. Immunoprecipitations were carried out at 4°C overnight (with rotation), and immune complexes were harvested by the addition of 0.66 g of sonicated bacteriophage DNA and 13.3 l of protein A-Sepharose beads (50% slurry in Tris-EDTA [TE]-0.1% bovine serum albumin), followed by incubation at room temperature for 2 h. The beads were then washed, sequentially, with 0.33 ml of the following buffers: twice with TSE-150 (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl [pH 8.1], 150 mM NaCl), once with 0.25 M LiCl, 1% Nonidet P-40), 1% deoxycholate, 1 mM EDTA, 10 mM Tris (pH 8.1), and twice with TE. Immune complexes were eluted with 500 l of 1% SDS-0.1 M NaHCO 3 .
Formaldehyde cross-links were reversed by the addition of 20 l (for immunoprecipitates) or 2.5 l (for 0.3 ml of total chromatin solution) of 5 M NaCl and incubation at 65°C for 5 h. DNA was ethanol precipitated overnight, resuspended in 100 l of TE, and treated with 1.5 l of proteinase K (18.6 mg/ml) (42°C, 2 h). Following extraction with phenol-chloroform-isoamyl alcohol and chloroform, DNA was ethanol precipitated overnight in the presence of 5 g of glycogen.
DNA recovered from the immunoprecipitates was resuspended in 50 l of TE. Total chromatin was resuspended in 300 l of TE.
Quantitation of immunoprecipitated DNA. Amounts of DNA present in the immunoprecipitates and total chromatin were determined by quantitative PCR. Each PCR mixture contained two primer sets: one corresponding to the LacZ internal control (located in the LacZ coding sequence, 2.1 kb downstream from the URS1 sites) and a second corresponding to a test region. The LacZ internal control primers generated a fragment of 206 bp, whereas the test primer sets yielded PCR products with lengths ranging between 260 and 310 bp. PCRs were first performed with decreasing concentrations of template to determine the linear range for each combination of primer sets and DNA (typically 1 l of a 1/3 or 1/9 dilution of the immunoprecipitated DNA or 1 l of a 1/27 dilution of total chromatin was in the linear range). All subsequent reactions were carried out with templates prediluted to the linear range. Following 26 cycles of PCR, fragments were resolved on a 2.5% agarose gel stained with ethidium bromide. Photographs of the stained gels were scanned directly into Canvas 5.0, and bands were quantitated by using Image Gauge (version 3.0). Values were calibrated to standards containing known quantities of DNA.
For all experiments the ratio of test PCR product to LacZ internal control PCR product was determined (note that this ratio can vary depending on the particular primer set combinations used). These ratios are normalized, as described in the captions to Tables 1 and 2 , to allow for a comparison of the amount of immunoprecipitated DNA from wild-type and deletion strains. The absolute values of the band intensities reflect the amounts of input DNA in each PCR mixture and hence are irrelevant to the analysis.
RESULTS
Experimental strategy. In a previous work (18), we characterized a promoter in which two copies of the URS1 element from the IME2 promoter were located upstream of the intact CYC1 promoter and LacZ structural gene (Fig. 1) . In wild-type strains, the URS1 elements repress transcription from this promoter by a factor of 13; repression is virtually abolished in ume6 and sin3 deletion strains and significantly reduced in an rpd3 deletion strain. Because this promoter is well defined and has served as part of the basis for elucidating the repression mechanism involving Ume6 recruitment of the Sin3-Rpd3 histone deacetylase complex, we directly analyzed its chromatin structure in yeast cells.
The histone acetylation status of this promoter was analyzed by a chromatin immunoprecipitation procedure (3, 6, 14, 20) . Isogenic wild-type, ume6, sin3, and rpd3 strains containing this promoter were treated with formaldehyde to cross-link proteins to DNA. Following fragmentation of the DNA to an average length of 350 bp, protein-DNA complexes were immunoprecipitated with appropriate antibodies, and the resulting DNA was analyzed by quantitative PCR. Each PCR mixture contained two probe pairs; one of these corresponded to a region of the promoter, whereas the other corresponded to a FIG. 1. Promoter structure. The promoter used in these experiments has two copies of a URS1-containing fragment from the IME2 promoter upstream of the CYC1 promoter (UAS, TATA elements T 1 and T 2 , and mRNA initiation site [bent arrow] indicated), and it drives expression of a LacI-LacZ fusion gene. As described previously, LacZ expression is repressed in a manner dependent on the URS1 elements Ume6, Sin3, and Rpd3 (18, 19) . The region upstream of this promoter contains sequences from the URA3 gene, which serves as the plasmid marker. Shown below the promoter structure are the regions (typically 300 bp, with the upstream and downstream boundaries being defined by a pair of PCR primers) that are analyzed by the chromatin immunoprecipitation procedure. The regions labeled URS1 and LacZ are analyzed in Fig. 2 and 3 , whereas the upstream (U) and downstream (D) regions analyzed in Fig. 4 are defined by the approximate number of base pairs from the center of the URS1 elements to the center of the indicated region.
region of the LacZ structural gene located approximately 2 kb downstream. For each case, titration experiments were performed to ensure that reactions were in the linear range, i.e., the amounts of the two PCR products were proportional to the amount of input DNA. In this way, PCRs were internally controlled and the determinations were quantitatively reliable and unaffected by variations in plasmid copy number. The relative level of histone acetylation at the promoter is defined by the ratio of the amount of the promoter fragment to that of the LacZ fragment produced in the same PCR.
Transcriptional repression is associated with promoter-specific deacetylation of histone H4. The amino-terminal tail of histone H4 has four lysines (residues 5, 8, 12, and 16) that are potential substrates for acetylation. Analysis of bulk chromatin in wild-type and rpd3 deletion strains indicates that Rpd3 deacetylates histone H4 with some specificity for the individual lysines; the effect of Rpd3 is strongest at lysines 5 and 12, moderate at lysine 16, and minimal at lysine 8 (28) . In the initial experiments, cross-linked and fragmented chromatin was immunoprecipitated with antibodies recognizing acetylated forms of histone H4 that are specific for individual lysines ( Fig. 2 ; data quantitated in Table 1 ). The promoter probe is approximately 300 bp long, with the URS1 elements being centrally located.
Analyses with antibodies to acetylated lysines 5 and 12 reveal a notable difference between wild-type and mutant strains at the promoter. Specifically, when normalized to the LacZ internal control fragment, the amount of promoter fragment from wild-type strains is twofold lower than the amounts in ume6, sin3, and rpd3 strains. Thus, the promoter region is relatively deacetylated at lysines 5 and 12 of histone H4 in wild-type strains. Similar results are observed for lysine 16, although the difference between wild-type and mutant strains (1.6-fold) is less pronounced. In contrast, analysis with antibodies to acetylated lysine 8 indicated that the four strains behaved similarly. Indeed, the ratios of promoter to LacZ fragment in this case are comparable to that observed with total chromatin prior to immunoprecipitation.
These results indicate that transcriptional repression is associated with decreased acetylation of histone H4 within the promoter region. The pattern of promoter-specific histone deacetylation (strongest effects at lysines 5 and 12, a moderate effect at lysine 16, and a minimal effect at lysine 8) is in excellent accord with the pattern previously observed with bulk chromatin in yeast cells (28) .
Transcriptional repression is associated with promoter-specific deacetylation of histone H3. In addition to its ability to deacetylate specific residues of histone H4, Rpd3 also deacetylates histone H3 at lysines 9 and 14 (28) . To analyze the acetylation status of histone H3, we carried out immunoprecipitation with antibodies to generally acetylated histone H3 tails. As shown in Fig. 3 (data quantitated in Table 1 ), the relative amount of promoter fragment in the wild-type strains is decreased twofold from that observed in mutant strains, indicating that the promoter region is relatively deacetylated at FIG. 2. Acetylation status of individual lysines of histone H4. Cross-linked and fragmented chromatin preparations from wild-type (ϩ), rpd3 (R), sin3 (S), and ume6 (U) strains were immunoprecipitated with the antibodies to acetylated histone H4 isoforms of lysines (K) 5, 8, 12, and 16 or were analyzed prior to immunoprecipitation (Total). Recovered DNA was analyzed by quantitative PCR; for each determination, the reaction mixture contained primers both for the region corresponding to URS1 and for the region corresponding to the LacZ structural gene (Fig. 1) . Because individual PCRs are internally controlled, the relative level of histone acetylation in the URS1 is defined with respect to the level of histone acetylation within the LacZ region. These data are quantitated in Table 1 and expressed as the URS1/LacZ ratio of band intensities of the PCR fragments; the absolute level of band intensities reflects the amount of input DNA in each reaction mixture and is irrelevant to the analysis. a Each entry represents analysis of cross-linked and fragmented chromatin from the indicated yeast strain that was immunoprecipitated with the antibodies to unacetylated or acetylated isoforms (individual lysines indicated) of histone H4 or histone H3; "None" indicates total chromatin. Each PCR mixture contained primers for the promoter region (URS1 in Fig. 1 ) and primers for the internal LacZ control; each value represents the molar ratio (average of two determinations Ϯ error) of the promoter region to the LacZ region for that specific PCR mixture. A value of 1.0 indicates equimolar amounts of the promoter and LacZ fragments (as determined on total chromatin). The promoter region shows a slight preference for acetylated lysines 12 and 16 of histone H4 in the wild-type strain.
FIG. 3. Acetylation status of histone H3
. Cross-linked and fragmented chromatin preparations from wild-type (ϩ), rpd3 (R), sin3 (S), and ume6 (U) strains were immunoprecipitated with the antibodies to generally acetylated (Ac) histone H3 or to nonacetylated (UnAc) H3; as a control, the analysis was performed prior to immunoprecipitation (Total). Recovered DNA was analyzed by quantitative PCR as described in the legend to Fig. 2. histone H3 in wild-type strains. As a control for this experiment, we analyzed chromatin immunoprecipitated with antibodies to nonacetylated tails of histone H3. As expected, the relative level of the promoter fragment was higher in the wildtype strain than in the mutant strains, providing independent evidence for decreased acetylation dependent on Ume6, Sin3, and Rpd3. Taken together, these experiments indicate that transcriptional repression is associated with promoter-specific deacetylation of histone H3.
Domain of localized histone deacetylation. The experiments described above indicate that, under conditions of transcriptional repression, histones H3 and H4 are preferentially deacetylated within a 288-bp region centered at the URS1 elements. To map the domain of localized histone deacetylation, we analyzed additional regions that either overlapped or flanked the region examined above (Fig. 1) . These analyses were performed with chromatin immunoprecipitated with the antibody to acetylated lysine 5 of histone H4, and they utilized the LacZ fragment as an internal control.
As shown in Fig. 4 (data quantitated in Table 2 ), regions centered as far as 450 bp upstream or 200 bp downstream of the URS1 elements were preferentially deacetylated at lysine 5 of histone H4 under conditions of transcriptional repression. When normalized to the internal LacZ control, the relative intensities of bands corresponding to the probe regions were two-to threefold lower in the wild-type strain than in the mutant strains. In contrast, regions centered Ն600 bp upstream or Ն550 bp downstream of the promoter behaved indistinguishably in all four strains, indicating that histone acetylation in these regions was unaffected by transcriptional repression. A region centered 300 bp downstream of the URS1 elements showed a marginal, and possibly insignificant, effect (only observed in the ume6 strain).
These results indicate that the apparent domain of localized histone deacetylation extends ϳ450 bp upstream and ϳ200 bp downstream from the URS1 elements. However, to map the actual domain of localized histone deacetylation, it is necessary to consider the lengths of the fragmented chromatin and the PCR product. In Fig. 5 , we provide a theoretical method for determining the extent of the actual domain; the only assumption of this method is that chromosomal fragmentation by sonication occurs with no sequence specificity. Consider the situation of an actual domain of 1 bp (defined here as position 0), chromatin fragments of 400 bp, and a PCR product of 300 bp. If the PCR product is centered at position 0, there are 100 distinct fragments that contain the actual domain (i.e., position 0) and hence can be used as the template to generate the product. A similar result is obtained with 300-bp PCR products centered as far as position ϩ150 or Ϫ150, indicating that an actual domain of 1 bp would correspond to an apparent domain of 300 bp. In fact, the apparent domain extends further in both directions, because 50 distinct fragments containing position 0 would be identified with PCR products centered at Ϯ200; i.e., the apparent domain "signal" at Ϯ200 is half maximal. Calculations for this and related situations that differ only in chromatin fragment size (ranging from 350 to 550 bp) are presented graphically in Fig. 5 .
In the actual experiment depicted in Fig. 4 , chromatin fragments ranged from 180 to 550 bp, with an average of 350 bp, and PCR products ranged from 260 to 310 bp. We estimated the relative molar amounts of DNA fragments in 50-bp intervals (i.e., 300, 350, 400, and so on to 550) by ethidium bromide   FIG. 4 . Mapping the domain of localized histone deacetylation. Cross-linked and fragmented chromatin preparations from wild-type (ϩ), rpd3 (R), sin3 (S), and ume6 (U) strains were immunoprecipitated with the antibodies to histone H4 acetylated at lysine 5, and recovered DNA was analyzed by quantitative PCR. For each determination, the reaction mixture contained primers both for the indicated promoter (or flanking) region and for the internal control region corresponding to the LacZ structural gene (Fig. 1) . Because individual PCRs are internally controlled, the relative level of histone acetylation in the indicated region is defined with respect to the level of histone acetylation within the LacZ region. These data are quantitated in Table 2 and expressed as the ratio of band intensities of the PCR fragments; the values are normalized to that obtained with the wild-type strain, which is defined as 1.0. The absolute level of band intensities reflects the amount of input DNA in each reaction mixture and is irrelevant to the analysis. 
a Each entry represents analysis of cross-linked and fragmented chromatin from the indicated yeast strain that was immunoprecipitated with the antibodies to acetylated lysine 5 of histone H4. Each PCR mixture contained primers for the indicated part of the promoter region (see Fig. 1 ) and primers for the internal LacZ control; each value represents the ratio (average of two determinations Ϯ error) of the promoter region to the LacZ region for that specific PCR mixture. Values are normalized to that obtained with the wild-type strain, which is defined as 1.0.
staining of the fragmented chromatin sample and used this information to normalize the calculated data in Fig. 5 . Given these parameters, an actual domain of 1 bp would give an apparent domain of 400 to 500 bp. Assuming that the domain of localized histone deacetylation is contiguous, the observed domain of approximately 650 bp corresponds to an actual domain of approximately 150 to 250 bp or a region of one to two nucleosomes.
DISCUSSION
Targeted recruitment of the Sin3-Rpd3 complex causes localized histone deacetylation in vivo. In a previous work, we demonstrated that the URS1-binding protein Ume6 represses transcription by recruiting the Sin3-Rpd3 histone deacetylase complex to promoters; conversely, repression by the Sin3-Rpd3 complex does not occur unless it is targeted to specific promoters (18) . Similarly, a variety of mammalian DNA-binding repressors or corepressors inhibit transcription by recruiting a related Sin3-Rpd3 complex (1, 7, 13, 15, 18, (21) (22) (23) (24) 35) . Further, histones are physiological substrates for Rpd3 histone deacetylase (28) , and catalytic activity of Rpd3 is important for Ume6-dependent transcriptional repression (19) . Taken together, these observations provide strong evidence that transcriptional repression occurs by locally perturbing chromatin structure.
Here, we directly show that targeted recruitment of the Sin3-Rpd3 histone deacetylase complex by the Ume6 repressor is associated with localized histone deacetylation in vivo. In wild-type cells, a Ume6-repressible promoter is preferentially deacetylated at histone H4 (lysines 5 and 12 and to a lesser extent lysine 16) and histone H3 (lysines unspecified). Two lines of evidence indicate that such localized histone deacetylation is directly caused by recruitment of the Sin3-Rpd3 complex and is mechanistically relevant for transcriptional repression. First, the specificity of localized histone deacetylation (i.e., the lysines and histones affected) is in excellent accord with the properties of Rpd3 histone deacetylase in bulk chromatin (28) . Second, mutant strains lacking the DNA-binding repressor (Ume6), the corepressor necessary for recruitment (Sin3), or the deacetylase itself (Rpd3) show relatively increased acetylation in the promoter region. Taken together, these observations indicate that targeted recruitment of the Sin3-Rpd3 complex and local perturbation of chromatin structure by histone deacetylation are the physiological mechanisms for transcriptional repression by Ume6. After the present work was initially submitted for publication, similar results were published for the INO1, IME2, and SPO13 promoters (29) .
We have occasionally noted that histone acetylation in the promoter region appears somewhat less pronounced in rpd3 strains than in sin3 and ume6 strains. Although this effect is marginal (and perhaps not significant), it is interesting in light of our previous suggestion of a secondary, albeit quantitatively minor, Rpd3-independent mechanism of repression (18, 19) . Perhaps, this Rpd3-independent mechanism of transcriptional repression also involves histone deacetylation by one of the four Rpd3-like proteins in yeast.
The domain of localized histone deacetylation is highly localized to a region of one to two nucleosomes. As defined by the acetylation status of lysine 5 of histone H4, the apparent domain of localized histone deacetylation spreads for ϳ650 bp. Probes centered 450 bp upstream and 200 bp downstream from the URS1 elements show clear evidence of histone deacetylation dependent on Ume6, Sin3, and Rpd3, whereas probes further upstream or downstream do not (with the possible exception of the probe centered 300 bp downstream, which shows a very marginal and perhaps insignificant effect). As discussed under Results, this apparent domain of approximately 650 bp corresponds to an actual domain of localized histone deacetylation of approximately 150 to 250 bp. This result depends on the reasonable, but unproven, assumption that our chromatin fragmentation method breaks DNA at random (or near-random) positions within the genome. Given that nucleosomes are spaced approximately 160 to 170 bp apart in yeast, the domain of localized histone deacetylation covers approximately one to two nucleosomes (Fig. 6) .
The limited spread of histone deacetylation from the site of recruitment suggests that localized chromatin modification is an inherent property of the Sin3-Rpd3 complex that is relatively insensitive to the presence or absence of other promoter elements. Further, our results suggest that the tethered Sin3-Rpd3 complex has a limited degree of flexibility that permits it to modify the nucleosome at the recruitment site and perhaps the neighboring nucleosome. The precise range of action of the Sin3-Rpd3 complex could be affected by the location of the URS1 elements with respect to the nucleosome dyad and/or by the specific promoter. Although we cannot exclude the possibility that the Sin3-Rpd3 complex can act at greater distances, our results suggest that such long-range effects occur at a low frequency.
Transcriptional repression by localized histone deacetylation. The domain of modified chromatin, though not precisely defined, includes the UAS element, but it probably ends prior to the TATA elements (Fig. 6) . Although the magnitude of histone deacetylation in individual experiments is modest (twoto threefold), the overall effect on chromatin structure is likely to be more substantial, because at least two histones (H3 and H4) and multiple lysine residues are affected. The simplest model for transcriptional repression is that localized histone deacetylation generates a repressive chromatin structure that inhibits the binding of activator proteins or TFIID to their cognate promoter elements. In this regard, histone acetylation increases TBP binding to TATA elements within nucleosomal templates in vitro (16) . However, in the promoter examined here, we disfavor a direct effect on TBP binding, because the domain of localized histone deacetylation is unlikely to extend as far as the TATA elements. Alternatively, locally deacetylated chromatin might not reduce the accessibility of activators or TBP per se but rather might interfere with the communication of these components with each other or with the Pol II holoenzyme. For example, a locally repressive chromatin structure might inhibit the DNA looping that is presumed to occur when activators are bound relatively far away from the TATA and initiator elements. More detailed information on the mechanism of transcriptional repression will require measurements of promoter occupancy of activators, TFIID, and Pol II holoenzyme in vivo.
